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By Jerome N. Engel
STMMARY

Flight test data obtained from a large swept-wing bomber airplane
in flight through rough air at en altitude of 5,000 feet are analyzed
to determine the effects of vertical trenslation and pitching motions
on the angles of attack of the wing and tail. Power-spectrasl techniques
are used to determine the contributions of these motions to the angles
of attack of the wing and tail at various frequencies, and the results
are compared with the direct gust-induced angle of attack.

The results indicate thet the motions, particularly the pitching
motions, significantly amplify the angles of sttack of the wing and teil
for the test airplaene. The pitching-motion component increases the root-
mean-square sngle of attack of the wing by about 35 percent and the root-
mean-sqQuare angle of attack of the tail by about 50 to 60 percent.

INTRODUCTION

The effects of airplene longitudinal motions, particularly the
pltching motions, on the loads or angles of attack of the wing and tail
of an airplane in flight through rough air have long been of concern.

A number of asnalytic studies (for example, refs. 1 and 2) have indi-
cated that the motions may contribute substantlelly to the airplane
loading. The evaluation of these motion effects experimentally, how-
ever, has been complicated by the continuous and random character of

both the turbulence and the resulting airplsne motions. As a consequence,
few experimentel data exist on the subject.

As part of an Investigation of the effects of airplane flexibility
on the strains in rough air for a large swept-wing bomber airplane
(ref. 3), time-history measurements of the verticel gust velocity and
the longitudinel airplane motions were obtained. These measurements
provided an opportunity for evaluating the effects of the longitudinal
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motions on the loeding or angles of attack of the wing and tail for the
test alrplane; consequently, an analysis of these measurements was under-
taken. In the present report, power-spectral methods of analysis are
epplied to the test measurements in order to determine the direct con-
tributions of the airplane vertical velocity and pitch responses to the
angles of attack of the wing and tail at the various frequencies during
flight in rough air. The techniques used in the analysis and the results
_obtained are presented.

SYMBOLS
1/2
1.5
A truncated measure of the root mean square, k/h o(f)ar s
radians &
an normal acceleration, g unlts
de/da downwash factor
i frequency, cps
I imeginary part of cross-spectrum
5% distance between angle-of-attack vane and center of gravity, ft
lo distance between center of gravity and root quarter-chord of
horizontal tail, ft
13 distance between angle-of-attack vane and quarter-chord of
horizontal tail, ft
M Mach number
n . number of separate power estimates
R real part of cross-spectrum
t1 time for gust to travel from angle-of-attack vane to wing, sec
to time for gust to travel from wing to horizontal tail, sec
t5 time for gust to travel from angle-of-attack vane to hori-

zontal tall, sec
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mit

£ £ £ &F

Ds

°ij(f)

Oy (£)

°mw(f)

airplene forwerd speed, ft/sec

eirplene vertical velocity, ft/sec

vertical gust velocity, ft/sec
gust-induced angle of attack, radians

tail angle of attack as measured at quarter-chord of hori-
zontal tall, radians

vane-indicated angle of attack, radlans

wing angle of attack as measured at center of grevity, radlans
Vg,

£flight-path angle, -—, radians
\'s

pitch attitude, radians
pitching velocity, radisns/sec
wing sweep angle at quarter-chord line, deg

power spectrum 1f 1 = J or cross-spectrum if i q! Js
radians2/cps (see ref. k)

power spectrum of tail angle of attack, radia.nsa/ cps,

power spectrum of wing esngle of attack, rad.ia.nsa/ cps

ATRPLANE, INSTRUMENTATION, AND TESTS

Alrplane

The airplane used in this investigation wes a six-engine jet bomber.

The configuration of the standard airplane was changed slightly for the
tests by the addition of an airspeed messuring boom and fairing on the
nose and by an external canopy mounted on top of the fuselage to house
an optigraph. A photograph of the airplane is shown in figure 1. A
two-view drawing of the airplane, showing some of the pertinent dimen-
sions, is shown in figure 2. Some of the airplane characterilstics are
presented in table I. .
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Instrumentation

The instruments pertinent to this study included an NACA air-
damped recording accelerometer mounted near the center of gravity to
measure normel acceleration. A standard NACA attitude-plitch recorder
and & magnetlcally dempéd NACA turnmeter were installed near the center
of gravity to record the pitch angle and pitching velocity, respectively.
A msss-balanced metal flow-direction vane was mounted on the nose boom
to obtain an indication of the instantaneous angle of attack of the air-
plane. An NACA 1/10-second chronometric timer was used to correlate all
recordings. Table II presents a summary of the instrument characteristics
and their associated accuracies.

Tests

The data for this study were obtained as part of an investigation
of the effects of alrplane flexibility on the wing strains of a large
swept-wing alrplane in rough air. These data consist—of 4 minutes of
time-history measurements of vertical gust velocity and longitudinal _
airplane motions, and the data were obtained in clear-air turbulence at .
an altitude of 5,000 feet at a Mach number of spproximately 0.63. The
test was made with "hands-off" control; that is, the pilot only corrected .
for large deviations of the airplane from the prescribed altitude and x
heading. An examination of the control position recorders indiceted
that the only movements of the elevator during the flight in rough air
consisted of several small deflectlons applied gradually by the pllot in
order to correct for deviation of the airplane from the prescribed
altitude.

METHOD OF ANALYSIS

The basic method of analysis consilsts of first expressing the angles
of ettack of the wing end taill as a sum of the vertical gust velocity
and the longitudinal motions (airplane vertical velocity and pitching
motions). Then the contributions of the motions (vertical velocity and
pitch) to the wing (or tail) angle of-attack are obtained by comparing
the total wing (or tail) angle of attack in rough air with the gust-
induced angle of attack. Likewlse, the effects of the individual com-
ponents of the motions ere obtalned by comparing the direct gust-induced
angle of attack with the angle of attack evaluated by neglecting first
the pltching-motion component only and then the vertical veloclty com-
ponent only. The methods used to determine the effects of the motions
on angles of attack of the wing and tail are described in the following

sections.
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Wing

Figure 3 shows the geometrical relations between the wing angle of
attack, the airplane motions, and the vertical gust wvelocity. TFrom the
figure, it may be seen that the angle of attack of the wing (measured
at the center line) in rough air is given by the following equations:

ay(t) = 8(%) + 7Ht) + ag(t)
= 0(t) + 2(t) + B(+) (1)
v v
where
e pitch attitude, radians
Qg gust-induced angle of attack, redians
7 flight-path angle, radians
Vg, airplene vertical velocity, ft/sec
v airplane forward speed, ft/sec
Vg vertical gust velocity; ft/sec
t time

In the present investigation, measurements of the instantaneous
vertical gust velocities were made by the use of an angle-of-abttack vane
mounted on a boom at a distance 17 of 52.5 feet shead of the a}gplane

center of gravity. Thus, the wing penetrates the gust Vg at a time
1
ty = T% after the vane penetrates the gust, and this time lag must be

taken into account in order to use the measured gust velocities in equa-
tion (1). By introducing this time leg factor into equation (1), the
instantaneous angle of attack of the wing may be expressed as

a(t) = 8(t) + W7‘%) + %5(’0-131) (2)
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Tail

The angle of attack at the tail masy be obtained from the angle of
attack of the wing by teking into account the effects of pitching
velocity, wing downwash, and the appropriste time lags. In rough air,
the instantaneous angle of attack of the taill at(t) may be expressed

as

ag(t) = ay(t) - aw(t-ta)g—i + ag(t-t3) - og(t-t1) + Z—vf‘l 8(t)"

6(t) + an(t) - e(t-ta)%;i - ‘;—a(t-ta)g_z + fva(t_t5) -

W, 22 .
“Bl-15)2E + 2 8(s) (3)
Vv do v
where
de downwash factor
day
to time gust tekes in traveling from alrplane center of gravity to
quarter~chord of horizontal tail, 12/V
t5 time gust takes to travel from vane to quarter-chord of horizontal

tail, 13 /v

The downwash factor de/dm used in equation (3) was estimated from
the following empirical relation derived from flight test data for this
alrplane in reference 5:

(d_e) _ ___0.h58
do/ys. 70 1 - M2cos@A
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For the present investigation where M = 0.63 and A = 35°,

de
35’3 0.5

Power-Spectra Equations

In order to examine the contributions of the motions to the wing-
and tall-angle-of-attack responses at the various frequencies, power
spectrea of the angle-of-attack variations for various conditions are
determined. The power spectra of the wing and tail angles of attack
mey be obtained from equations (2) and (3) by either of two procedures.
First, the equations mey be evaluated to obtain time histories of the
wing and tell angles of attack from which the power spectra may be cal-
culated. Secondly, equations (2) and (3) may be trensformed so as to
express the power spectra of the wing and tail angles of attack in terms
of the power-spectra and cross-spectre components of the motions and
gust velocity. The second procedure is used herein.

The power spectrs of the angle of attack of the wing QGw(f) and
of the tail &qi(f) may, from equations (2) and (3), respectively, be
expressed as

0 (£) = l}be(f)J + %E:wa(f):[ + v—:;[xawg(f):l + %R[bwae(fil +

2 2
v Rl:tbwge(f_)} cos 2nfty - & I [nge(f):l sin 2xfty +

2 2
- R[¢Wawg(f{l cos 2nfty - = I[bwawg(f)] sin 2xfty (%)
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and

O (£) = [d’e(f)] (1.25 - cos anftg) + él}"a(fﬂ (1.25 - cos artf'tg) +

\Jl

0.2 (f) +£¢-(f) +3R[¢ (f)](la }
V2 v [9 ] v W0 .25 - cos Ethtz) +

¢wge'(f) [0.5 cos 2xfts - 0.25 Tos 2:tf(t3-t2)] +

<iho
td

]

Owge(f)_ [-0.5 sin 2xft3 + 0.25 sin 2n:f(t3—'b2):| +

<o

‘—’2-2- R[Wawg(f][o 5 cos 2nfts - 0.25 cos atf(t3-t2):|

2. IEI:WaW ][o .5 sin 2nfts - 0.25 sin anf(t3-t2)]

21 1
Z2 Rl}waé(f):l (l - 0.5 cos 21tft2> + ;g I[tbwaé(f)](sin &tf‘bg) +

V2
2 REW é(f)] (cos 21tft3) _le 1[% é(f):l (sin 2:rft3) (5)
va g va g

where

R resal part of cross-spectrum

I imsginary part of cross-spectrum

Equations (4) end (5) express the contributions of the spectrs
and cross-spectra of the various motions and gust velocity to the power
_gpectra of the wing and tall angles of attack, respectively. The direct
contributions of the airplane motions to the wing and taill angles of
attack may be ascertained by comparing %,w(f) and ¢%(f) obtained

from equations (4) and (5), respectively, with the power spectra of the
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gust-induced angle of attack. The direct contributions of the gust to
the power spectra of the wing and tall angles of attack are given by the

0.2

terms 'J;Ebw (£)] ana 5[¢w (f.):‘ in equations (4) and (5), respec-
v2i "8 y2 g

tlvely. The spectral effects of vertical velocity and pltch on the wing
and tall angles of attack may be determined by omitting the terms
involving either & or wy in equations (4) and (5) and then by com-

paring the resulting spectra with the direct gust-induced angle-of-
attack spectra.

EVALUATION OF DATA AND RESULTS

The record evaluatlon consisted of reading the measured time his-
tories of pitching velocity 6, vane-indicated angle of attack Ay, and

the center-of-gravity normal acceleration a, at given time intervaels.
The reading interval was 0.1 second for 6 and a, and 0.05 second

for en. The values of 8 and 8, were numerically integrated In

order to obtain time histories of the pitch angle © and the airplene
vertical velocity wg. The values of 6, 8, Wy, and a, were used

to determine the time history of the vertical gust velocity wg in

accordance with the general method given in reference 6. The detailed
procedures used in the gust-velocity determination are presented in
reference T.

The time-history values of 0, é, Wg, 8nd wg were used to cal-

culate the various power spectra end cross-spectrs required in the
right-hand side of equations (k) and (5). 'These calculations were based
on the methods given in reference 8. 1In calculating the various power
spectre and cross-spectra, 60 lagged products (n = 60) and At = 0.1 sec-
ond were used so that 60 power estimates were obtained between O and

5 cps. Only the results for the frequency range of 0.25 cps to 1.5 cps
are used herein, however, for the following reasons:

(1) This frequency range is of primary concern since most of the
airplane loading is concentrated within the frequency range of 0.25
to 1.5 cps. This may be seen from examinstion of the power spectrum of
normel acceleration at the center of gravity given in figure L, which,
as indicated in reference 3, provides a measure of the airplane loading.

_ (2) At frequencies below 0.25 cps, the power spectrum of vertical
gust velocity obtaeined from the vane measurements is not considered
reliable.
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(3) At fredquencies above 1.5 cps, the alrplane pitching and
vertical-velocity motions asre small.

Tables III and IV .present the individual power estimates of the
povwer spectra end cross-spectra of the motlons and gust velocity which
contribute to the power spectras of the wing and tail angles of attack,
as indicated by equations (4) and (5), respectively.

Three estimates for &q,{f) and QQt(f) are given in tables III

and IV, respectively. These spectra were obtained by: (1) summing all
the terms in tables III and IV according to equations (4) and (5),

(2) neglecting the terms involving only © and 8, and (3) neglecting
the terms involving only wg. The three spectra of ay and oy are
also given in figures 5 and 6, respectively. In addition, the power
spectra of the direct gust-induced angle of attack of the wing and tail
are given in these figures. The contributions of the gust to the power
spectrum of the angle of attack of the wing is given by the term

J%W?wg(fﬂ in table III. For the tail, the spectrum of the gust-induced

angle of attack is given by the term 2122 Ebw (f)] in table IV.

Comparison of the various spectra in figures 5 and 6 provides an
indication of the contributions at the various frequencies of the direct
gust effects, vertical motions, and the pitching motions to the angle-
of-attack spectra of the wing and tail. As an indication of the total
power, the values of the quantity A, defined by

1/2

1.5
A= f.25 o(f£)af

is also given in figures 5 and 6. The velues of A may be considered
a trunceted estimate of the root-mean-square angle of attack because
only the power over the frequency range of 0.25 cps to 1.5 cps was
considered.

RELIABILITY OF RESULTS

The present results are subject to errors due to s number of factors.
The more important ones appear to be:

(a) The accuracy of the basic measurements
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(b) The accuracy of the gust-velocity determinstion

(c) Possible errors arising from airplane flexibility, particularly
in regard to fuselsge bending affecting the tail angle of
attack

(d) Inaccuracies in the determinstion of the downwash factor de/dm
(e) Statistical sampling errors

The reliability of the present measurements and the gust-velocity
determination was considered in detall in another connection in ref-
erence 7. The results obtalned therein suggest that the measurements
and the gust velocity are sufficlently accurate for present purposes
for the frequency range considered. The possible effects of fuselage
flexlbility on the tail angle of attack were also considered. An evalu-
ation of these effects, based on the results of reference 9, indicates
that these effects are negligible for present purposes over most of the
frequency region of concern. In order to determine the effects of
inaccuracies in the downwash factor, the spectrum of the tall angle of
attack was computed by using a 20-percent-lower downwash factor. The
results obtained indicate that the 20-percent reduction in the downwash
factor yielded a 1l5-percent increase in the spectrum of the tall angle
of attack.

In order to establish the statistical reliability of the present
results, the methods of reference 10 were used to obtain confidence
bands for the present power-spectra and root-mean-square values. The
results obtained indicated that each of the present power estimates is
reliable to within sbout 30 percent of the wvalues given whereas the
root-mean-sqQuare values are rellasble to better than £10 percent. In
addition to the absolute reliability of the present power spectra, the
reliability of ratlios of the power estimstes for the various power
spectra is also of concern in the interpretation of the present results.
Unfortunately, no means are yet avallsble for establishing quantitative
estimates of the reliability of ratios of power estimates, although the
theoretical analysis and some of the results obtained in reference 11
indicate that such ratios may have greater statistical stability than
the stabllity of individual spectral estimates.

DISCUSSION

Wing

Comparison of the power spectrum of the direct gust-induced angle
of attack °ag(f) with the power spectrum of the actual angle-of-attack
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change of the wing °aw(f) in figure 5 indicates that the combined air-

plane motions (pitch and vertical velocity) contribute significantly to
the wing angle of sttack over the frequency range 0.35 cps to 1.5 cps.
Except for the small reduction in the wing angle-of-attack spectrum at
frequencies below 0.35 cps, the motions tend to increase the spectrum

of the gust-induced angle-of-attack change at the wing by factors of 2
and 3 over the entire frequency range. The overall effects of the air-
plane motions, as indicated by the values of A, cause about a 30-percent
emplification of the gust-induced angle of attack over the frequency
range of 0.25 to 1.5 cps.

Comparison in figure 5 of the spectrum of the wing angle of attack
obtained by considering only the airplene vertical wvelocity (8 = 0)
wlth the gust-induced angle-of-attack spectrum °ag(f) shows that the

vertical veloclty component acts to reduce the net angle of attack at
frequencies below 0.6 cps. Above this frequency, however, the vertical

velocity component of the angle of attack adds to the gust-induced angle

of attack. The overall effect of the vertical velocity component is a

small reduction in the wing engle-of-attack change, ss is indicated by

the values of A. The pitching-motion component, however, adds to the .
gives an overall increase in airplane angle of attack of about

35 percent. .

Tall

Examinetion of figure 6 indicates that the overall effects of the
alrplane motlons on the tall angle of attack are of the same general
character as for the wing angle of atteck and act to increase the angle
of attack over the entire frequency range. The magnitude of the increase
is, however, greater for the angle of attack of the tail and increases
the direct gust-induced angle-of-attack variatlons by about TO percent.
Further examination of figure 6 indlcates that the effect of the air-
plene vertical-motion component on the taill angle of attack opposes the
gust-induced angle of attack at the lower frequencies (below 0.50 cps)
but adds to the angle of attack at the higher frequencies. The oversll
effects of the vertical-motion component on the tail angle of attack
gppear to be smaell, as is indicated by & comparison of the values of A
given in figure 6. The pitching-motion component (both pitch attitude
and pitching velocity), however, significantly increases the power spec-
trum of the tail angle of attack for the entire frequency range covered.
This increase amounts to 50 to 60 percent for the overall angle-of-attack
varistions, as is shown by the values of A.
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CONCLUDING REMARKS

The foregoing enalysis of the longitudinel airplane motions (pitch
and vertical velocity) of a large swept-wing bomber airplane in rough
alr have served to indicate that the motlions in rough air have an appre-
ciable effect on both wing and tail angles of attack. For the test alr-
plane, the effects of the airplane vertical veloclty appear to be rela-
tively smell. The effects of the pltching motions, however, are
unfavorable and tend to increase the direct gust-induced angle of
attack over almost the entire frequency range (0.25 %0 1.5 cps). The
overall effect of the pitching motion appeears to increase the root-
mean-square wing angle of attack by about 35 percent over the direct
gust effects. The overall effect of the pitching motion on the tall
angle of attack appears to be even larger and increases the root-mean-
squaere angle of attack by sbout 50 to 60 percent.

Langley Aeronesutical Laborsatory,
National Advisory Committee for Aeronautics,
Langley Field, Va., May 8, 1958.
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TABLE T

PERTINENT FHYSICAL, CHARACTERISTICS AND DIMENSIONS
OF THE TEST AIRPLANE

Wing:
Total area, SQ £H « « « « « & o « o o « = o o o o s o o o o o 1,428
SPAI, TH & ¢+ ¢ ¢ ¢ 4 4 e e e e e h e e e e e e e e e e 116
Aspect ra&tio . 4 4 4 e e v e 4 e v e e e e e R X
Thickness ratio « + « « ¢ ¢« ¢ ¢ ¢ « o o o o o o « o o o« o = 0.12
Teper ratio « . « . . . e e e e e e e e e e e e e e 0.42
Mean serodynamic chord, in. . . v e e s x e e e e« 155.9
Sweepback at 25-percent-chord line, deg e e s e e e e e s e 35

Horizontal Tail:
Total area, 8Q £5 « « o o + o o o o s o o o o s o o 4 0w 0 268
Span, ft . e e e e e s e e e e e e e e 33
Mean aerodynamic chord in « o s e e e e e e e e e 102.9
Sweepback at 25- percent—chord line, deg s e 8 e e e o 35

Airplane weight, 1b . .« & « ¢ « + « ¢ « « & + o « & s « » » 113,000
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SUMMARY OF INSTRUMENT CHARACTERISTICS AND ACCURACIES

Quantity Measurement Ingtrument Ingtrument Ej:_;ti'matedt
asured statlon range sensitivity strumen
me accwuracy
Normal acceleration, 34,2 percent g units
g units mean aerodynamic chord 1.0 1.0 in, 0.005
Pitching velocity, 25.0 percent +0.2 0.2 ra.dians[sec 0.00
radians/sec mean aerodynamic chord ? > in. >
Vane-indicated
in. ahead of
angle of attack, © £0.5 0,183 Tadiens 0.002
radians original nose in.
Time, sec | =smmemmmmcmcmmcmmme—ae [ cmmme | meemmeeee— e 0.005
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Figure 1.- Photograph of test alrplane.
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Figure 2.- Two-view drawing of test airplane.



22

/\ | \Z
Tl wi‘L

e e —
ﬁ /"W'a | N \x
I .

|

|

Z

-——

/

Figure 3.- Geometricel relations of the airplane motions with positive
directions shown.
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Figure L.- Power spectrum of normal acceleration at the center of

gravity.
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Figure 5.- Comparison of power spectra of wing angle of attack, with

and without vertical- and pitching-motion components, with power

spectrum of gust-induced angle of attack.
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- Plgure 6.- Comparison of power spectra of tail angle of attack, with

and without verticael- and pitching-motion componentg, with power
spectrum of gust-1lnduced angle of attack.
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